We present an instructional undergraduate laboratory that introduces the student to an acousto-optic modulator (AOM) in the context of an optical heterodyning experiment. A moving diffraction grating is used to illustrate the internal functioning of an acousto-optic modulator and to make optical heterodyning experiments accessible to any undergraduate laboratory. The concepts and techniques presented can be used from the introductory through advanced level, in that, students gain direct laboratory experience with diffraction, the Doppler shift of light, construction of a Mach-Zehnder interferometer, optical path length measurements using a heterodyne technique, and sophisticated data analysis techniques.
I. INTRODUCTION
The heterodyning technique (an experimental arrangement in which a beat frequency is detected) is often employed in physics because of its remarkable ability to detect small changes in frequency and or extract small signals from large noise backgrounds. Optical heterodyning is commonly employed to measure optical path length changes to high precision. The modern tool often employed in optical heterodyning experiments is the acousto-optic modulator, which utilizes the Doppler shift of light by an ultrasonic sound wave to achieve a heterodyne (beating) signal. In 1921, Brillouin first predicted that sound waves traversing a liquid, under external illumination, would give rise to an optical diffraction phenomenon similar to that produced by a diffraction grating [1] . Ten years after Brillouin's prediction, Debye and Sears [2] , and Lucas and Biquard [3] , independently observed this phenomenon, the so called acoustooptic effect. Currently this phenomenon has found useful application in the modulation of light intensity [4] , directional control in linear scanning applications such as laser printing [5] , laser cavity dumping [4] , and as a means of Doppler shifting light, the application relevant to optical heterodyning experiments. Examples of modern optical heterodyning experiments include measuring vibration amplitudes and flow velocities [6] as well as the detection of small optical path length changes encountered when obtaining the surface profile of an object [7] . Imaging absorbing structures through random media using a low coherence optical heterodyning technique is also a topic of current research [8] .
In this article, we use a moving diffraction grating to illustrate the function of an acousto-optic modulator in the context of an optical heterodyning experiment. A moving diffraction grating (like a moving mirror) produces an optical Doppler shift that results in a beating interference pattern which can be seen by the unaided human eye, making it an ideal teaching aid. The similarity between a moving grating and the internal functioning of many acousto-optic devices also makes it ideal for demonstrating how these devices function. A simple experimental arrangement is presented and used to measure the index of refraction of a thin glass slide.
II. BACKGROUND
Devices utilizing the acousto-optic effect typically operate in one of two regimes, the Bragg or Raman-Nath regimes. The description of the latter is highly analogous to the moving diffraction grating employed in this experiment. The regime in to which a specific acousto-optic device falls largely depends on the spatial extent of the acoustic wave fronts in the direction transverse to propagation. where is the distance between acoustic wave fronts, is the incident and diffracted angle with respect to the acoustic wave fronts, is the diffraction order, and is the optical wavelength in the crystalline material with average index of refraction . This is reminiscent of Bragg diffraction of X-rays from crystalline planes [9] . In the acoustooptic effect, however, the first order maxima dominate due to the fact that light is being scattered from a sinusoidal grating, rather than a set of discrete planes. Additionally, light in the diffraction maxima undergoes a Doppler shift resulting from the fact that it has been reflected from moving sound waves. The Doppler shift, , of a light wave reflected off a moving object is given, in the classical limit, by (2.2) where is the frequency of the light source in its rest frame, is the speed of light in the medium, and is the component of the reflecting object's velocity in the direction of the reflected light. From which is identical to the result obtained in the Bragg regime except for the presence of multiple diffraction orders. We use an actual moving diffraction grating to simulate the internal functioning of an acousto-optic device operating in the Raman-Nath regime.
III. EXPERIMENT
In a typical optical heterodyning experiment a photodetector measures a beating irradiance, resulting from interference between the local oscillator arm and frequency shifted light from the signal arm of an interferometer. This beating irradiance is given by cos (3.1)
where , are the irradiances of the local oscillator and signal arms respectively, is the angular frequency difference between the two arms, and is their relative phase [6] .
Optical path length changes much smaller than a wavelength can be detected by changing the optical path length of one arm of the interferometer and measuring the resulting heterodyne phase shift relative to the undisturbed reference heterodyne signal.
The experimental configuration employed to illustrate the optical heterodyning technique is shown in Fig. 2 Eq. 2.6. In fact, the observed frequency could be used to determine motor speed.
Doppler shifts ranging from 0.1 Hz to 200 Hz, were easily observable with an oscilloscope (the lower range of these frequencies are observable with the unaided eye).
It is interesting to note that this Doppler shift is from a base frequency of approximately 5 10 Hz which represents a shift of one part in 5 10 at the lower limit. An 80 Hz 15 signal was used while measuring the refractive index of the glass slide. For pedagogical purposes, being able to visually observe a beating fringe pattern at low grating speeds, by inserting a viewing card at the exit of an interferometer, has been found to be beneficial.
Students can actually observe fringes moving across the pinhole in front of each detector.
Actual acousto-optic modulators usually Doppler shift light by frequencies in excess of 40 MHz, yielding a beat frequency that is undetectable by the unaided human eye.
Figure 2:
The experimental configuration used to illustrate the optical heterodyning technique and measure the index of refraction of a glass slide. A moving diffraction grating is used to simulate the internal functioning of an acousto-optic modulator and provide the required phase shift. A HeNe laser (633 nm) is used along with other major components; BE, beam expander; BS1 and BS2, beam splitters; TS, translation stage; DG, diffraction grating; GS, thin glass slide; PH1 and PH2, 800 m pinholes; PD1 and PD2 photodetectors. PD1 is used to obtain the phase shifted glass slide signal while PD2 measures the fixed reference signal.
A thin glass slide of thickness 0.15 mm was mounted on a graduated rotation stage such that the reference part of the beam was allowed to pass beyond its far edge, as indicated in Fig. 2 . The specular reflection from the glass slide also provides an excellent means of measuring angular displacement if a graduated rotation stage is not available. This slide was rotated in discrete steps and the resulting optical path length change was measured as a phase shift (relative to the reference signal) on an oscilloscope. 
IV. ANALYSIS AND RESULTS
In order to determine the index of refraction of the glass slide, it is necessary to measure the change in optical path length due to a rotation of the slide. Figure 3 illustrates the path taken by an incident ray passing through a glass slide when the slide's outward normal is at an angle of with respect to the incident ray. The ray travels an optical path length, , inside the glass slide given by cos (4.1)
where is the index of refraction of the glass slide, is its thickness, and is the refracted angle. In the absence of the glass slide the incident ray would travel a shorter optical path length, , in traversing the same horizontal distance. 
IV. CONCLUSIONS
Acoustic-optic modulators are important experimental devices in modern optics.
A moving diffraction grating can be used to illustrate the internal functioning of an acousto-optic modulator and make optical heterodyning experiments accessible to undergraduate laboratories. The use of a moving diffraction grating as the Doppler shifting component allows direct observation of the beating interference pattern in an optical heterodyning experiment, greatly aiding student comprehension. We employed this technique to determine the index of refraction of a thin glass slide.
